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INTRODUCTION
Fire is a pervasive natural disturbance that controls many structural and functional properties of boreal plant communities, and is the major agent initiating and terminating successions. The interpretation of the successional relationships of these communities has been largely conditioned by the temporal and spatial perspectives adapted by the investigator involved, and by the specific aspect of the vegetation under study. For example, the palaeoecological evidence indicates that at the scale of the plant formation the vegetation in fire-prone boreal regions exhibits stability and uniformity, with no substantial change over several millennia (Swain 1973; Wright 1974; Zackrisson 1977 ). This evidence is frequently cited to support the view that boreal vegetation is adapted to fire as an integral environmental factor.
At a scale below that of the plant formation, however, the vegetation is clearly non-uniform, and maximum vegetational and floristic diversity is apparently attained when a spectrum of successional communities is maintained within the landscape (cf. Loucks 517 1970; Heinselman 1973). In a study documenting landscape vegetation patterns and fire history for the 400 000 ha Boundary Waters Canoe Area in northern Minnesota, Heinselman (1973) describes the frequency and extent of fire over a 300-year period. The regional mosaic of vegetation in this area comprises a mixture of successional stages, the pattern of which is largely controlled by the recent fire history.
Within each spatial unit of this vegetation mosaic, the effect of fire on the woody vegetation is primarily as a cycling agent (Methven, Van Wagner & Stocks 1975) . The major boreal tree species (Picea mariana, Pinus banksiana) establish rapidly by seed released from serotinous cones and, following fire, vigorous even-aged stands generally replace less productive old-age forests. The regeneration behaviour of the trees, coupled with the rapid resurgence of most shrub species from underground parts, has consequently led to a view of succession in boreal ecosystems as a cyclic process involving little overall floristic variation, despite major environmental change resulting from fire (Viereck 1975; Viereck & Schandelmeier 1980) . However, studies concentrating on post-fire changes in cryptogam composition have emphasized the sequential nature of the successional pattern. Four major ground cover types-acrocarpous mosses and crustose lichens, horn and cup lichens (Cladoniae), fruticose lichens (Cladinae) and pleurocarpus mosses-occupy arbitrarily delimited stages in revegetation (Ahti 1959; Kershaw 1978; Johnson 1981) . The invasion of cryptogams, therefore, appears to be a response to changes in very local environment and to produce a chronosequence conforming to the traditional concepts of succession (cf. Cooper 1913) .
These different viewpoints of the natural role of fire in boreal ecosystems are well illustrated by recent detailed studies of the fire history and phytosociology of the boreal forests of south-eastern Labrador, Canada (Foster 1984a, b) . The black sprucePleurozium community (cf. Foster 1984b) is the predominant vegetation type in this region, and the following account describes the dynamics of this vegetation following fire and examines four questions.
(i) Do the different strata of vegetation (ground cover, understorey, canopy, epiphytes) exhibit similar rates and patterns of regeneration following fire, or are contrasting strategies employed by the different growth forms?
(ii) What are the major environmental factors that control the rate and direction of regeneration, and at what scale do they operate? (iii) From the stratigraphic evidence contained in the soil organic layer, is it possible to document the vegetation change in situ, to confirm that the mosaic of successional communities observed across the landscape provides analogues for the temporal sequence at an individual site? (iv) How well do the results from this study of a maritime area fit the generalized patterns reported from farther west in the continental boreal region of Canada? STUDY AREA Located on the north-eastern coast of Canada, Labrador occupies a portion of the Labrador-Ungava Peninsula. The study area in the south-east extends approximately 300 km from the St Augustin River east to the coast and 160 km from the Mealy Mountains south to the Quebec border at 52?N (Fig. 1) .
Geologically, Labrador forms the eastern part of the Precambrian Canadian Shield. In south-eastern Labrador the bedrock is predominantly quartzo-felspathic gneisses with intrusions of granite and granodiorites (Greene 1974 Data were compiled from a total of thirty-seven releves located in areas burned in 1975 and in the adjacent unburned stands to examine the response of the vascular understorey species to fire. As only 5 years had elapsed since the sites had burned, it was possible to match burned and unburned stands on the basis of overstorey composition, tree age and density, as well as on undergrowth characteristics, topography, soils, slope, and aspect. The magnitude of the change in the frequency of nineteen common vascular species after burning was calculated as log (frequency burned/frequency unburned). In the two cases where frequency values were zero, values of 1% were substituted for computational purposes. Therefore, the range of possible values for the magnitude of change in frequency extends from -2 to +2.
Quantitative estimates of temporal changes in abundance for the prominent ground-layer species (bryophytes and lichens) were derived from the cover-abundance estimates of the seventy-six releves forming the time-series. For each species the abundance in each stand was plotted against time since the last fire, and then smoothed curves were drawn through the points (individual species scatterplots are contained in Foster (1983)). Stands exceeding 90 years in age were grouped either as closed forest or as lichen woodland (open stands with a lichen cover greater than 30% and a very discontinuous canopy). Qualitative data (presence-absence) was use-d to document when the various minor cryptogams colonize following fire.
Under moist, cool and acid conditions unfavourable to processes of decomposition, plant remains, particularly of the ground layer, are incorporated in the organic soil layer in conifer forests. Stratigraphic analysis of the organic soil profile should therefore reveal temporal changes in stand composition. In all releve plots 10 x 10 cm monoliths of the organic layer were cut down to the mineral soil with a serrated knife and the gross stratigraphy was described. Monoliths from five stands with fires in 1959, 1898, 1959 and 1898, c. 1750, and pre-1750 were selected for detailed analysis. Analysis in the laboratory consisted of a description of the gross stratigraphy and detailed examination of individual horizons, including the microscopic identification of plant remains and charcoal at 10-20x magnification (Watts 1978; Birks 1980 ). Moss leaf fragments were determined at 400x magnification and intact lichen thalli were identified to species utilizing standard chemical and morphological criteria (Hale 1982) .
Detailed age-structure analysis of three stands of different ages (36, 140 and >230 years) was utilized to investigate the recruitment pattern of trees following fire. Within a dense spruce-Pleurozium forest exceeding 230 years old, and a 140-year-old stand, all trees within 3 m of an arbitrary line were aged by tree-ring counts from sections taken at ground level, and the basal diameters were measured. In a 36-year-old stand, each individual tree within a circular plot 30 m in diameter was aged and measured in a similar fashion. In each stand at least forty individuals were analysed.
RESULTS

Mor humus profiles
The 21-year-old woodland (1959 fire) supports scattered black spruce and balsam fir up to 2-m tall, and low ericaceous shrubs. The lichen cover is loosely attached to a substrate of conifer litter and Polytrichum juniperinum that is interspersed with the crustose lichen Lecidea granulosa. The humus profile (Fig. 2a) In the next stand, last burned in 1898, black spruce trees cover 65%, accompanied by occasional balsam fir. Ericaceous shrubs cover 30% of the area, and Pleurozium schreberi is the dominant ground cover, with large patches of Cladonia stellaris and C. rangiferina persisting in canopy openings. The organic layer, sampled in the moss carpet, extends 22 cm to a charcoal horizon (Fig. 2c) . Approximately 4 cm of green Pleurozium at the surface grades downward into yellow and then moderately humified remains, which extend an additional 15 cm. Below, Cladonia spp. and Polytrichumjuniperinum form a well-humified matrix overlying a dense mat of Polytrichum rhizomes and 1 5 cm of wood and charcoal. A very similar although truncated sequence, which represents the development of the forest consumed by the 1898 fire, extends from 22 cm to 34 cm and terminates in mineral soil.
The mature spruce-Pleurozium forest contains black spruce exceeding 230 years old and the organic soil layer is 28 cm thick. Despite the great difference in age between the stands, the humus profiles of the 230-and 82-year-old forests (Fig. 2d, c) are remarkably similar. The profile from the older forest contains a thicker layer of Pleurozium schreberi and mixed Pleurozium-Cladonia. Figure 2e depicts the stratigraphy found in a Sphagnum carpet in an old-age (230+ year-old) spruce-Pleurozium forest. Green Sphagnum girgensohnii forms a moist layer 5 cm thick, overlying humified remains that extend an additional 3 cm. Beneath an abrupt transition the stratigraphy Pleurozium/Pleurozium-Cladonia/Polytrichum juniperinum/ charcoal/mineral soil is found. Pleurozium schreberi ranges from slightly humified just below the Sphagnum to well-humified and nearly indistinguishable at lower levels. Polytrichum juniperinum is poorly preserved, although the characteristic radiculose stems and inflexed and entire leaf margins are retained. The Cladonia spp. comprise a gelatinous matrix of broken thalli interspersed with mosses, and have lost their secondary chemicals.
Forest age-structure analysis Age-structure analyses are presented from a renegerating black spruce-lichen woodland 35 years old (Fig. 3) and from 140-year-old (Fig. 4) and 230+ year-old closed spruce-Pleurozium forests (Fig. 5) . Extensive observations and tree borings from the seventy-six releves indicate that these three stands are representative of age-size relationships of forests across the region.
The youngest stand is an open lichen woodland composed of a mixture of multi-aged black spruce and fir, with some trees dating to the years immediately following the 1945 fire (Fig. 3) . Individuals range in size from saplings to trees exceeding 20 cm in basal diameter and 7 m in height. Seedlings, especially of black spruce, are still establishing on the open site. From the size distribution it is apparent that individuals which established in the past 25 years have grown more slowly than those which commenced growth in the preceding 10 years.
Analysis of the 140-year-old forest documents a progressive establishment of black spruce and balsam fir that has led to the gradual formation of a closed canopy (Fig. 4) 6). In the face of competition for space and light with the taller Cladonia spp., Lecidea rapidly declines to residual levels and is absent from nearly all locations by 40 years. Ceratodon purpureus and Polytrichum juniperinum form dense patches in depressions and in the mineral hollows created by windthrows immediately following a fire. Ceratodon exhibits behaviour similar to that of Lecidea, decreasing rapidly in the early years following fire, whereas Polytrichum persists for a longer period (Fig. 6) .
Horn and cup lichens (Cladonia chlorophaea, C. coccifera, C. cornuta, C. gracilis, C. macrophylla, C. pleurota and C. sulphurina) are first seen on 10-to 12-year burns, and are restricted mainly to decaying wood and humus mounds where they never exceed 5-10% total cover (Fig. 7) . In later years these species are often restricted to bleached snags of Picea mariana.
Cladonia mitis and C. rangiferina become established on 10-to 12-year-old sites. Cladonia mitis expands more rapidly, reaches a maximum of 50-75% cover, and may persist as a dominant for 40-60 years (Fig. 6) . Cladonia rangiferina is more abundant on moister sites and demonstrates greater shade tolerance than C. mitis (cf. Ahti 1959).
Cladonia stellaris gradually increases in cover following establishment in 35-year-old stands and assumes a maximum cover of 50-75% in 80-to 90-year-old woodlands ( In south-eastern Labrador the forest stands found on burns of different ages provide excellent analogues for the stratigraphic record contained in mor humus profiles. A generalized scheme of vegetation development following fire depicts progressive changes in ground cover concomitant with an increasing cover of conifer trees (Fig. 8) . The interval between consecutive fires determines how far this sequence progresses at a given site.
The presence of charcoal at the base of every humus layer, and of multiple charcoal horizons in some profiles, documents the historical importance of fire in this region. In Labrador the extensive area of old forest gives the false impression that some stands have totally escaped fire (Foster 1984a ). This is not borne out by stratigraphic analysis.
Pattern of arboreal regeneration
From the data and observations made across south-eastern Labrador it is apparent that tree establishment is slow and progressive, commencing the season following fire and continuing into the closed forest stage several decades later (Figs 3-5) (Foster 1984a ). In the early years after fire the landscape is nearly barren of seedlings, and only scattered regeneration occurs on 20-and 30-year-old burns.
In view of the semi-serotinous cones of black spruce and the abundant seed fall 
Response of the vascular understorey to fire
In contrast to the arboreal species, the majority of the vascular understorey species are well-adapted for survival and rapid regeneration following fire. In south-eastern Labrador resurgence through sprouting or suckering from underground organs is the predominant mode of regeneration. Growth is rapid following fire, undoubtedly because of favourable environmental conditions including abundant light and enhanced soil temperatures, increased decomposition rates, and increased nutrient availability (Viereck & Schandelmeier 1980) . The result is a dramatic increase in flower production and abundance to levels greatly exceeding pre-burn levels for such common species as Cornus canadensis, Deschampsia flexuosa, Equisetum sylvaticum, Ledum groenlandicum, Rubus chamaemorus, Vaccinium angustifolium, and V. cespitosum.
That some species are susceptible to fire or to the associated changes in environmental conditions is evident by the group of 'decreasers'. Within this group Coptis groenlandicum, Empetrum nigrum and Gaultheria hispidula have shallow root systems and may therefore be particularly sensitive to burning. Empetrum nigrum is reported to be absent following burning of blanket bogs in Europe (Bell & Tallis The ground cover, however, exerts an influence on the rate and course of later stages of vegetation development. In the absence of an extensive vascular ground layer, the lichens and Polytrichum juniperinum may help to stabilize the charred substrate and decrease erosion. The crust-like surface formed of Lecidea granulosa is succeeded by a 5-15 cm layer of Cladonia podetia that intercepts rainfall and reduces surface-water flow (Jack 1935) .
The extensive Cladonia mat may inhibit the germination and seedling establishment of the conifers and thereby increase the time necessary for reforestation (Hustich 1951; Ahti 1959 ). The fruticose growth form of these species presents a substrate similar to burned duff in its susceptibility to rapid and extreme fluctuation in moisture content, and seedlings have difficulty penetrating the lichens to moist soil. There is also preliminary evidence that lichens secrete secondary chemicals inhibitory to germination and growth of vascular seedlings (S. Cowles personal communication).
As a consequence, conifer seedlings are largely restricted to seedbeds projecting above the lichen mat, such as rotting stumps and fallen, dead trees, to exposed mineral soil on windthrows, and to moist moss-filled depressions. The narrow (0. 1-2.0 cm) desiccation cracks that separate the lichen mat into irregular-shaped polygons also present moist seedbeds in the humus. By decreasing the availability of sites open to conifer establishment the early successional lichens serve to prolong vegetation development.
Thus, the pattern observed during vegetation development following fire on the spruce-Pleurozium forests of south-eastern Labrador is heterogeneous, and results from the individualistic behaviour of the various species and growth forms involved. Different species and life forms operate within different sets of morphological and physiological constraints, and respond to environmental regimes that operate at contrasting temporal and spatial scales within the community. The response and regeneration of the vascular understorey corresponds well with Egler's (1954) concept of initial floristics. The post-fire community consists largely of species found in the unburned forests that exhibit changes in abundance and in energy allocation to growth and reproduction.
Whereas fire serves as a recycling agent in the understorey, it may eliminate trees locally and reduce their density over a wide area. For the conifers, regeneration occurs progressively over a long period. Subtle and important changes in post-fire seedbed conditions that exert little effect on the deeply rooted understorey species largely control the rate and pattern of seedling establishment. In addition to harsh edaphic conditions, the rapid establishment of a deep lichen cover inhibits regeneration. The early-successional species serve to prolong succession and deter the entry of late-successional species (Niering & Goodwin 1974) .
The cryptogams follow a more traditional succession in terms of physiognomic changes and exhibit a stepwise establishment sequence (Kershaw 1978; Johnson 1981 ). Differential growth rates, competitive ability, and environmental tolerance result in species ordination along a temporal gradient of gradual amelioration in environmental extremes. The major factor that mediates conversion of lichen woodland to bryophyte-dominated forest is shade provided by the canopy cover.
